Besides the exponentially increasing number of mouse strains, the rising number of rat strains, due to the establishment of transgenic and coisogenic strains in this species, surpasses the capacity of most animal houses. Cryopreservation of gametes may be a means of solving these problems. Here we describe an easy and fast method for the cryopreservation and transplantation of frozen-thawed ovaries of the rat. Ovaries of the rat inbred strain WKY/ Ztm were frozen with dimethylsulphoxide as cryoprotectant and stored at À1961C. Orthotopical transplantation was performed into ovariectomized syngenic recipients. Re-establishment of the reproductive cycle in the recipients was confirmed by vaginal cytology. The morphological integrity of frozen and unfrozen ovaries was compared by histological means after staining with haematoxylin and eosin. The number of litters and offspring was recorded. Reproductive cycle was re-established in all recipients of unfrozen ovaries and in more than 50% of recipients that received frozen-thawed ovaries. One-third of the former and more than 25% of the latter became pregnant and delivered at least one litter. Cyropreservation of ovaries can thus be considered as a reliable method of preserving scientifically and economically important mutant stock, as well as congenic rat strains that are currently not required.
The laboratory rat, aside from the laboratory mouse, is one of the most commonly used experimental animals not only because of its size but also because it offers the best functionally characterized mammalian model system (Abbott 2004 ). This species serves as a model organism for analysing a number of important biomedical traits such as cardiovascular diseases, metabolic disorders, autoimmune diseases, cancer susceptibility, renal diseases, neurological disorders, transplantation studies, and other multifactorial traits. In the case of polygenetically controlled diseases, the rat is quite often the preferred model. The diversity of rat models is composed of a huge amount of genetically different inbred strains derived from some outbred stocks and wild rats (Hedrich 1990 , Canzian 1997 and still is extended by strains derived from colonies with spontaneous mutations and those established by special breeding programmes. For the analyses of polygenetical traits, already a number of congenic and consomic strains for different quantitative trait loci (QTL) have been developed, or are under development (Kwitek-Black & Jacob 2001, Cowley et al. 2004 ). Furthermore, genetically modified rats are becoming more and more significant for biomedical research.
The maintenance of the increasing number of rat strains exceeds holding capacities and costs. Thus, non-viable storage (cryobanking) of strains may reduce the actual shelf costs. Beside the cryopreservation of preimplantation embryos or spermatozoa, the cryopreservation of whole ovaries might be an alternative.
The cryopreservation of ovaries in mice is currently being performed as a service at the Jackson Laboratory (http://www.jax.org/ cryo/ovary.html) following a protocol first described by Sztein et al. (1998 Sztein et al. ( , 1999 . For other species, including sheep (Salle et al. 2002) and man (Oktay et al. 2004) , successful cryopreservation of ovarian tissue has also been reported. Cryopreservation of ovarian tissue may also be a means of preserving rare and endangered species (Paris et al. 2004) .
The production of live offspring by transferring frozen-thawed parts of the reproductive tract of female LEW rats using vascular anastomosis has been reported by Wang et al. (2002a,b) and Yin et al. (2003) .
Recently, we reported the successful transplantation of ovaries into ovariectomized rats (Dorsch et al. 2004) . All ovaries transplanted orthotopically restored their function and one-third of the recipients produced offspring during the observation period.
All these results demonstrate that ovarian tissue can perpetuate its functionality after freezing and thawing. For routine use in the laboratory, however, a fast, reliable, and costeffective method is needed. Here, a method for the cryopreservation and orthotopic transplantation of frozen-thawed rat ovaries is described that meets these requirements. This method may be used as a strategy to safeguard valuable mutant, congenic, and genetically modified rat strains that are not permanently in use.
Material and methods

Animals
The WKY/Ztm rat strain was bred and maintained at the Central Animal Facility, Hannover Medical School, Germany (www.mh-hannover.de/einrichtungen/ tierlabor). Maintenance and use of the animals were in accordance with the German Animal Welfare Legislation (Tierschutzgesetz 1998 (Tierschutzgesetz , revised 2002 . All experiments were approved by the local Institutional Animal Care and Research Advisory Committee and permitted by the local government.
Animals were bred and maintained under routine husbandry procedures following standards published by the Society for Laboratory Animal Science (2004) and the EU directive 86/609 (1986) . This includes a temperature of 21721C, relative humidity of approximately 50%, and artificial light from 06:00 to 18:00 h. A commercial softwood granulate bedding was sterilized (Lignocel, Altromin; Lage, Germany). The rats received autoclaved commercial pellet diet (Altromin 1314) (protein 22%, fat 5%, raw fibre 4.5%, ash 7%, utilizing energy 3.1 kcal/g) and water ad libitum. They were kept pair-wise or as sibling groups in wire-topped type III Makrolon s cages (Techniplast, Techniplast-Deutschland GmbH, Hohenpeienberg, Germany). The animals were kept in the same room from birth on. For surgery, the females were brought to the surgical ward at 08:00 h. Transplantation was performed between 09:00 and 12:00 h under aseptic conditions. The females were returned to the animals' quarter at about 15:00 h.
Microbiological status was measured at least every six months according to the recommendations for the health monitoring of rodent and rabbit colonies in breeding and experimental units (Nicklas et al. 2002) .
Genetically identical ovary donors and recipients were used at the age of five to seven weeks.
Preparation of donor ovaries
Donor females were killed by inhalation of increasing concentrations of CO 2 and cervical dislocation. Ovaries were removed aseptically, and placed into a Petri dish (ø 30 mm, Greiner, Frickenhausen, Germany) containing 2 mL phosphate-buffered medium (PB1) (Whittingham 1974) . Fat pad and bursa were removed under a stereomicroscope at a magnification of Â 2.5. Ovaries were either transplanted directly into bilaterally ovariectomized recipients or cryopreserved and transplanted or prepared for histological examination, depending on the experimental group.
Cryopreservation and thawing of ovaries
The procedure for cryopreservation was adapted from Sztein et al. (1998) with some modifications. The ovaries were transferred into 1.5 mL cryotubes (Greiner) containing 500 mL cryoprotectant solution (CPS) at room temperature (20721C) for 10 min. CPS contained 1.5 mmol dimethylsulphoxide (DMSO, Sigma, Taufkirchen, Germany) in PB1, supplemented with 10% fetal calf serum (Sigma, Taufkirchen, Germany). The cryotubes were kept on ice (0-41C) for 45 min and then transferred to a pre-cooled alcohol bath (À61C) in a programmable cooler (Haake F8/C75, Karlsruhe, Germany). Seeding was induced mechanically after 10 min by touching the surface of CPS with the tip of a Pasteur pipette pre-cooled at À1961C. The temperature was reduced to À601C with a cooling rate of 0.41C/min. After 10 min at À601C, the cryotubes were transferred into liquid nitrogen for storage for at least four weeks.
Thawing was performed at room temperature until ice was melted. The CPS was removed and replaced by 500 mL PB1. After 10 min, ovaries were transferred to another Petri dish containing 2 mL PB1. After another 10 min, the ovaries were transplanted or prepared for histology.
Ovary transplantation
The technique for rat ovary transplantation was recently described in detail (Dorsch et al. 2004) . In short, recipients were anaesthetized by an intraperitoneal injection of a mixture of 100 mg ketamine (A Albrecht, Aulendorf, Germany) plus 5 mg xylazine (Rompun, Bayer Leverkusen, Germany) per kg body weight. The surgical field was disinfected (Softasept N, Braun, Melsungen, Germany). A single transverse dorsal incision of the skin was made approximately half way between the middle of the back and the base of the tail to permit access to both ovaries. Both native ovaries of the recipient were removed and one donor ovary was placed into the right bursa of a recipient animal.
Two weeks after surgery, vaginal smears were taken to determine whether the ovulatory cycle has resumed. For that loose cellular material was removed from the vagina by gently scraping the dorsal vaginal wall with a sterile loop, dispersed in a drop of saline on a slide, air dried, stained, and examined microscopically (Dorsch & Hedrich 1998) .
Mating regime
Females were mated as monogamous pairs or as harems (two or three females). Females showing signs of pregnancy were separated until weaning of the litter and re-mated again. Females that did not become pregnant within three months after transplantation or at least nine weeks after the last parturition were killed and ovaries were prepared for histological examination. Observation period did not exceed nine months after transplantation.
Histology
Ovaries for histology were fixed in 10% formaldehyde, embedded in paraffin, and serial sections (3 mm) were stained with haematoxylin and eosin, and microscopically examined (magnification Â 20 and Â 40). Microphotographs were obtained using a digital camera (Power Shot G5, software: solution disk version 13, Canon-Germany, Krefeld, Germany) adapted to the microscope (Axiovert 40, Zeiss, Goettingen, Germany).
Four groups were examined:
Group A: freshly prepared ovaries that were not used for freezing and/or transplantation were directly prepared for histology.
Group B: freshly prepared and directly transplanted ovaries. Transplantation was performed within 20 min after preparation.
Group C: frozen ovaries that were thawed but not transplanted were Laboratory Animals (2007) 41 prepared for histology directly upon thawing.
Group D: frozen-thawed and transplanted ovaries. Transplantation was performed as soon as the cryoprotectant had been diluted out.
For groups C and D, the different stages of folliculogenesis were counted on a semiquantitative basis by analysing sections of the equatorial level of the organ.
Statistical analyses
The StatView 5.0 program (2002) was used for statistical analysis. Fisher's PLSD compared the folliculogenesis in ovaries of groups C and D. Significance levels were set at Pp0.05.
The number of pups per litter of recipients of unfrozen and frozen ovaries was compared with that of our WKY/Ztm strain by a paired comparison of the mean differences, confidence interval was set at 95%.
Results
Reproductive performance
Group B (freshly prepared and transplanted ovaries): All recipients (15/15; 100%) that received freshly collected ovaries resumed ovulatory cycle as verified by vaginal cytology. Five recipients (5/15; 33.33%) became pregnant and weaned litters. Mean number of pups per litter was 4.2270.85 (38 pups out of 9 litters).
Group D (frozen-thawed ovaries that have been transplanted after thawing): Thirtynine recipients received frozen-thawed ovaries. Reproductive cycle was established in 21 recipients (21/39; 53.85%), 10 (25.64%) of them became pregnant and weaned litters. The mean number of pups per litter was 2.5570.43 (a whole of 51 pups out of 20 litters). The remaining 18 recipients (46.15%) did not resume reproductive cycle. The vaginal smears appeared like prooestrus, showing spindle-shaped basophilic epithelial cells and also very few leucocytes.
The reproductive performance of our vital WKY/Ztm colony was recorded for 94 litters with 822 live born pups. The mean litter size was 8.7470.35 pups.
The litter sizes of the recipients of unfrozen as well of frozen ovaries differed significantly from that of the vital colony as shown by the comparison of the mean values (P ¼ 0.003 and P>0.0001, respectively). The difference in litter size between recipients of unfrozen and frozen ovaries was not significant (P ¼ 0.6011).
Histology
Group A (untreated ovaries): Figure 1 shows an example of a freshly collected ovary. There is a normal histological appearance displaying all stages of folliculogenesis (follicles in different stages, oocytes, and corpora lutea).
Group B (freshly prepared and transplanted ovaries): All ovarian sections showed normal histological appearance with all stages of folliculogenesis. No differences to nontransplanted ovaries could be determined nor were there signs of degeneration or graft rejection. Histological sections of transplanted ovaries did not differ whether recipients reproduced or not. Ovaries appeared to be functional by the presence of corpora lutea surrounded by pre-antral follicles. These findings coincide with the findings obtained by vaginal cytology. Group C (frozen-thawed ovaries that were not transplanted): We examined 24 of the frozen-thawed ovaries directly upon thawing. All 24 ovaries analysed originated from different donors. None showed signs of tissue destruction.
Group D (frozen-thawed ovaries that have been transplanted after thawing): Twentyfour of the frozen-thawed and transplanted ovaries -the contralateral ovaries of group C donors -were examined histologically. Sixteen of these ovaries were collected from recipients that resumed an ovulatory cycle, while eight were obtained from recipients that did not cycle.
The 16 ovaries of recipients performing an ovulatory cycle showed a normal histological appearance with all stages of folliculogenesis ( Figure 2) indicating functionality. There was no difference in morphology between females that weaned litter and those that did not.
Also six ovaries of recipients without an ovulatory cycle showed normal morphological appearance, while two showed a complete degeneration of the tissue, i.e. fibrosis, no follicles of any stage, but no sign of necrosis (Figures 3a and b) .
By comparing ovaries that had been examined directly after thawing (group C) and those that had been transplanted after freezing and thawing (group D), we could determine that the number of follicles and/or oocytes was reduced significantly on the basis of semi-quantitative analysis (Table 1) .
Discussion
Cryopreservation of preimplantation embryos is considered the method of choice for rats and essential in case of inbred strains. However, this method is expensive and time consuming. Cryopreservation of rat spermatozoa (Nakatsukasa et al. 2001 , Nakatsukasa et al. 2003 , although appealing with respect to mutant stock, is still far away from routine laboratory use.
The aim of this study was to investigate whether cryopreservation of rat ovarian tissue may be used as a strategy to safeguard valuable strains of rats. The ovary cryopreservation can complement, but not substitute, the cryopreservation of embryos. For ovary cryopreservation only a few donor females are needed, and time-consuming expensive superovulation procedures become redundant.
Based on success rate and feasibility, frozen-thawed ovaries can be transplanted at any time to recipients, preferably but not necessarily into premature recipients.
It is very often the case that transgenic rat strains or strains that carry a mutation should be preserved, because there is no actual need or no current funding for these animals. Many of these strains are congenic, consomic, or coisogenic to a common background that is maintained viable and thus can be utilized to serve as graft recipients and mating partners. Moreover, if no syngenic recipient is available, an immunodeficient strain, such as the athymic nude rat, can be used.
Histological analysis of freshly prepared, as well as transplanted ovaries, showed that transplantation itself did not affect functionality. However, haemorrhage of small blood vessels of the bursa might pose a problem by occluding the fallopian tube postoperatively by thrombi. This could be one explanation in case the recipient female did not get pregnant despite resuming regular ovulatory cycles (Dorsch et al. 2004) . We consider this a technical rather than a methodological problem. Histological preparations made directly after thawing without transplantation did not show signs of degeneration. The morphological integrity of the organ appeared not to be affected by the procedure of freezing and thawing. Post transplantation, frozen-thawed ovaries did not show signs of rejection or necrosis. For unknown reason in two out of 24 cases, a degeneration of the ovarian tissue, but no necrosis, was observed. The litter sizes of the transplanted recipients were smaller than standard for the strain WKY/Ztm, regardless of whether the ovary was frozen or not before transplantation. By histological analysis, we found fewer tertiary follicles in transplanted frozen ovaries than in nontransplanted frozen ovaries. Corpora lutea were detected in all preparations. One possible cause could be that the cryoprotectant DMSO was not fully diluted out after thawing, and that deleterious effects of DMSO have manifested only upon transplantation of the ovaries into recipients with a normal body temperature of 37.5-38.51C. This assumption was supported by van der Elst et al. (1995) who demonstrated that the concentration, equilibration temperature and equilibration time are very important factors for the survival of mouse one-cell embryos upon cryopreservation. Especially the exposure time of the tissue to the cryoprotectant is of critical importance (Lucci et al. 2004 ). These physical events should be even more manifested for the cryopreservation of organs composed of different cell types. This deficit may be solved by improvement of the thawing procedures, although DMSO has been shown to be useful for cryoprotecting ovarian tissue by several groups for various species (Hovatta et al. 1996 , Lucci et al. 2004 , Rodrigues et al. 2004 . Mean number of follicles and oocytes differ significantly between the two groups (P>0.05) when compared by Fisher's PLSD (group C: ovaries that have been prepared for histology directly after freeze-thawing; group D: ovaries that have been transplanted after freeze-thawing) *Group D: two ovaries that were degenerated were not included in these analyses SE ¼ standard error
Although 1.2-propandiole (PROH) is the preferred additive for the cryopreservation of preimplantation embryos of rats and mice (Mahadevan & Miller 1997 and personal unpublished data) and despite the results of Abir et al. (2003) , we decided to use DMSO.
In preliminary tests, we used PROH as cryoprotectant (data not shown). However, the recipients of frozen-thawed ovaries hardly revealed an ovulatory cycle and never became pregnant. The histology showed signs of degeneration, and we did not follow up with PROH as additive for this purpose.
The transplantation of the ovaries can be performed within 20-25 min with the described method. Together with method for cryopreservation, this is a feasible approach for laboratory routine use.
Our results could assist in preserving and safeguarding the reproductive potential of economically and scientifically valuable rat colonies.
